A High Pressure Gas Switch has been developed and tested . LLNL. Risetimes on the order of 200 picoseconds have been bserved at 1 kHz prf and 1 atmosphere pressures. Calculations IOW that switching closure times on the order of tens of lcoseconds can be achieved at higher pressures and electric clds. A voltage hold-off of 1 MV/cm has been measured at 10 mospheres and several MV/cm appears possible with the PGS. With such high electric field levels, energy storage of ns of Joules in a reasonably sized package is achievable.
Introduction
An ultrawide-band source requires a pulsed power modulator, ast switch, and a radiating antenna. For broad-band radiation in : GHr. range, the pulse energy must be released with a fast ing pulse (i.e., tens of picoseconds). Of the possible pulse arpening methods in the sub-nanosecond time scale, a highcssure gas can produce short and high-voltage lscs at energies (joules) of interest resulting in high-power Jiation. Although discharge physics are relatively well derstood, certain switch issues rcmain to be determined.
Several areas of switch perforinance were measured which :ludcd, switching uniformity across the gap, switch recovery, d repeatability. A comparison of simple avalanche physics jdeling of the pulse charging and gap voltage collapse to the pcrimcntally measured results is discussed, along with the lculated pulse waveform for a much higher voltage and pressure itch. Also, a discussion of the modifications made on an istirig pulse generator at LLNL so that it could be used as a #t bcd for the HPGS is given.
Switch Oneration
Two configurations of the switch were tested: a SO-C2 ,ixial line and a 1742 parallel-plate transmission line5. Ail of : measurements described in this paper were done with the rallcl-plate line. An initial clcctron dcnsity, n , is produced in : gap by a UV source. The transmission line is chargcd by the lscd power supply until the gap voltage collapses and the ltage pulse is propagated down the line. The end of the line was shorted. 1 4 description of the switch physics is given in earlier work6.
Experimental Setup
The geometry for the parallel plate transmission line is shown in Figure 1 . This geometry was only operated at atmospheric pressure. To observe switch phasing, the plate transmission line shown in Figure 1 was used with a 2-mm gap, g, across the 10-cm width,w, of the line. The pulse charging supply stores energy in the 10 cm upstream of the gap until voltage collapse occurs, and'then launches a pulse down the 20-cm line to a shorted end. The plates were separated by 5 mm, s, resulting in an impedance of 17 0. The voltages were monitored with four D-dot probes. Probe 1 ns locatcd 1.5 cm upstream of the gap centerline and probe 3 is 1.5 cm downstream along the transmission line center. Probes 2 and 4 were placed at 3 cm outboard of the downstream probe. To ensure some resident electron dcnsity in the gap as the charging pulse is applied, the gap is irradiated by UV7 from a spark source. The wide-band assist pulser WASP was used to pulse charge the plate transmission line at repetition rates from 1 Hz to 1 kHz for 1-second duration bursts. The output pulses were measured with a B-dot probe on the output line and the signal was recorded on a SCD5000, 4.5-GHz transient digitizer. The signals from the D-dot probes were also recorded on the SCDS000 transient digitizers. Due to the high frequency of the D-dot signals, and the losses associatcd with the signal lines, the system frequency response of each signal line was measured using a picosecond pulser and then removed from the pulsed experimental measurements during the data reduction phase.
ExDerimental Re&
For the parallel-plate transmission line in atmospheric pressure, the charging pulse developed a peak of 100 kV/cm across the gap as the voltage rose in 1 .S ns. In the SO-W coaxial line air gap, pressurized to 10 aim, an electric field of 1 MV/cm was obtained At 1 atm of air pressure, the gap voltage collapsed to half in 250 ps both for the coaxial line and the plate transmission line. It follows that with several tens of atmospheres priCssure the voltage collapse will occur in a few tens of picoscconds.
Switching Uniformitv and Rematability
In order to launch a rapidly rising pulse that is uniform across the transmission line width, we have required that the switching gap be nearly the full width of the line.
We determined the relative arrival time at the two outboard probes (2 and 4). Without an ionizing spark, the signal arrived at probe 2 an average of 47 ps prior to arriving at probe 4, and the standard deviation of the difference in arrival time was 126 ps, considerably greater than the average difference in arrival time.
Because the probes are located 6 cm apart, a variation of 126 ps indicates a significant variation of location of the gap current, thus showing that it is not uniform along the length of the gap. When the UV ionizing spark was applied, the average arrival time difference to probes 2 and 4 was measured to be about 25 ps. The variation in this arrival time was 18 ps (1 1 shots) or a significant reduction from thc 126 ps whcn no UV spark was used.
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Figure 2. Charging and launched voltage pulses in the parallel-plate transmission line with atmospheric air.
The variation in arrival time between probes 2 and 3 was 20 ps or within thc instrumental precision. We concludc that with a UV spark source, the gap discharge is uniform along its length to within thc measurement accuracy. It was also observed that probcs 2 and 4 were typically very similar in wave shape whcri thc phasing was good, and dilfcrcnt othcrwisc. The dillcrencc in the data froin probcs 2 and 4 was duc to brcakdown MJBVCS rdlccting from the edge of the transmission line and adding to probcs 2 and 4 differently than to probe 3.
Repetition rate operation was tested up to 1 kHz. The WASP pulscr provided a voltage pulse that was about two times highcr on the first pulse due to the overvoltage of the output switch on the WASP. The UV spark source could not be repeated at this rep-pate. The issue was whether there were enough resident electrons from the previous breakdown to uniformly seed thc gap with enough electrons for a phased brcakdown. On a givcn burst, we recorded the first breakdown and every onchundredth breakdown that followed, up to three additional pulses as sccn in Figure 3 . Unlike these three launched pulses, the wave shapc should be almost identical if the gap breakdown is uniform across its length. For repeated breakdowns up to the I-kHz pulse repetition frcqucncy (prf), the variation in pulse arrival time among probes 2, 3 and 4 was similar to that observed when no UV spark was produced. Fiducial corrections were crucial to making the mcasurenicnts, and care was taken to dctcrrninc the rclative diffcrencc in trigger delays and signal delays bctwcen D-dots. For the first pulse in the train when the UV spark was produced, the relative timing among probes 2, 3 and 4 was within measurement accuracy. In Figure 3 , we observed that tht repeated pulses reached the same voltage, 12 kV. The first pula reaches an amplitude of 20 kV. The difference is because tht WASP pulser produces a faster rising and higher voltage pulst on the first pulse, and all subsequent pulses are repeatable witt slower rise times and lower amplitudes. 
V o l~g e Recovery
With prls u p to 1 k t i L , thc launchcd voltage pulses had very low ainplitutlc jittcr. Pulse amplitude jitter way very low < % for the full sccond of the burst showing that switch recover up to 1000 Hz was accomplished.
Modeling
When the gap electron density avalanche is modeled usin the Townsend coefficient and the drift velocity, it become apparent that a diffcrcnce of several orders of magnitude of initii electron dcnsity, n, makes a relatively small change in th formative time to voltage collapse. For example, with an EIP c 50 across thc gap, the time of collapse for a 2 4 s charge tim varicd 33 ps pcr dccadc of initial electron density charge, goin from IO3 to IO9 clcctrons/cm3. The launched pulse wave rises i 125 ps. Initial electron density variations within a factor of 1 along the length of the gap should have a minor effect on th phase of the propagatcd wave. Stringent control of the ga electron density during the initial charging time is therefore nc necessary.
In Figure4, the modeled breakdown in the pial transmission line gap is compared to the measured pulses for a breakdown at 1 atm of pressure. The model assumes (1 -cosx) charging pulse waveform, which is comparable to tt mcasurcd charging pulse except for the low voltage foot. Tt breakdown elcctric field is closely predicted and can be correct predicted for higher pressures. The launched pulse is close predicted up to the time when the wave propagating back to tl input line retums to the gap. The assumed input charging wai in the modcl does not match the real wave after this time and tl modcl docs not include the shorted end of the plate transmissic line. Because the gap voltage rise is significantly above the stat brcakdown voltage, the launched pulse rise time is typically fil lh" faster than the pulse charging time. To achieve pulses wi picosecond rise times, a staged switch would be required. The electrical energy stored in the transmission line before witching is depcndcnt on the field volume and ihc voltage. The ' i P scaling indicates that a pressure increase allows a roportionally higher electric field. In helium at 150 atrn, the lunched pulse is calculated to be 200 ps long see Figure 5 and IC pulse launchcd energy is 4.4 J. 
Pulse Gcncrator
In early 1990 a FEBETRON flash x-ray machine was iodified and used as an electrical pulse generator*. The wide and assist pulser (WASP), as it is now called, wa? improved in NO arcas to extend it's performance beyond the original design. irst, chnngcs wcrc made to rcducc the prcpulse on the output ssociatcd with the charging or the Blumlcin, and sccond, ndcrvoltagc tcchniqucs were used to increase the repetition rate f the pulse generator from 100 H7 to 1 kHz. 
Increase in rewnition rate
The overall work to increase the repetition rate of the system was broken into two tasks. First thc rcp-rate of the Marx was increascd anti sccond, the output section containing the Blumlcin was modified. It has been shown that recovery times of the switches can bc reduced an order-of-magnitude by undervolting the spark gaps by approximately 50%9,10. The pressure and gap spacing of the Marx spark gaps were undervolted. The Marx is triggered with a UV trigatron spark gap on h e first stage of the Marx. New operating pressures and gap spacings were calculated and set on the Marx to provide for the necessary undervolting from thr familiar Paschcn r~lationship~.'~.
Here x is thc gap separation in cm, p is the pressure in Torr, and 7 is llic tcrnpcrntiirc iri "K. J>uc l o thc short chxgirig lime on the output switchcs, the voltage hold-off was approximatcly twice the calculated DC v a l~c~~?~~. Overall, the Marx was found to operate very repcatably to approximately 2-kHz for short bursts.
Spark Gap Recovery
Voltage recovery was measured on the output switch for several repetition rates. A plot of the 2-pulse data is shown in Figure 7 . As expected, since there are no initializing electrons in the spark gap to initiate the avalanche process, the switch is overvoltcd on the first pulse. This data matches data that has been recorded by others15. There is little dependency between the energy that is switched and the recovery time of the spark gap.
During the development and testing of the pulse generator, a total of 200,000 shots were put on the Marx and output switches before maintenance. Light puddeling on the electrodes was present, but no extensive erosion occurred. The long life of the switches is due to the low coulomb transfer of only 170 KC (calculated for 0% reversal)16. The output switch, which has inconel clcctrodes was very nearly in pcrfcct condition, after 200,000 shots. 
Conclusion
The high-pressure switch has been shown to be capable of producing sub-nanosecond pulses at high voltages. Electric fields of a fcw MV/cm are attainable in charging pulses whosc duration arc of the order of the formative times for electron avalanching.
Thc pulse rise times have been measured as fast as 150ps (limited by diagnostics) and the pulse can be launched in phase along the gap, provided that a UV source of photons produces seed electrons before the charging pulse arrives. We have demonstrated that a 1-kHz repetition rate can be achieved for this switch during a period of one second. Modeling has been effective in matching experimental results, and should thus be uscful in the dcsign of high-voltage and pressure switch configurations.
